Theoretical equations for a particle size-determination method by applying an attenuated-total-reflection (ATR) technique were obtained. Based on these equations, the ATR-spectral intensities were calculated as functions of the sample amount and on the particle size for various choices of the experimental parameters. A mono layer region was more adequate for size measurements than a multiple-layers region. A prism and the incidence angle should be adequately selected according to the aims of the measurements. Experimental results of the sample amount dependences of the spectral intensities were almost consistent with calculations. The experimental results of size dependences showed the same tendency as those by calculations for SiO2 and SiC; especially for SiC, they were in just accord with those by calculations in the case of a KBr prism. Each component of a mixed plural-kind-particles sample almost agreed in its spectral intensity with that of a corresponding single-kind-particles sample. The particle size-determination method, based on the ATR technique, was theoretically supported, and its characteristics were reveled.
Introduction
The attenuated-total-reflection (ATR) technique is general as an analytical method using infrared spectroscopies. 1, 2 The characteristics of the ATR technique are attributed to an evanescent wave that decays exponentially from a reflection surface of an ATR prism: molecules existing closer to the reflection surface are exposed to stronger evanescent wave. 1, 2 Small particles on the reflection surface are exposed to strong evanescent wave compared with large particles. By using this characteristic of an evanescent wave, the particle size is expected to be determined by measuring the intensity of the ATR spectrum. We proposed an easy method that uses the ATR technique for particle-size determination. 3 The use of infrared light results in giving a significant and unique characteristic to the particle size determination: the particle size of each component of a mixture consisting of several kinds of particles can be determined by measuring the intensity of the absorption band of each component without any component separation procedure. The principle of this method was stated in a previous paper, 3 together with some fundamental experiments: SiO2 particles with diameters of 5.2 to 0.81 μm were thinly deposited on the reflection surface, and the ATR spectra were measured, which showed that the band intensity surely depends on the particle size.
The particle size is generally measured by using sedimentation phenomena, 4 light scattering and diffraction phenomena, 4, 5 electron microscopy, 4 etc., but methods with higher performance are still required. The dynamic light-scattering method was improved regarding data processing for higher accuracy of the measurements of poly-disperse particles, 6 and the static lightscattering method was improved regarding the instrument for measurements of the scattering-angle dependence of the intensity for higher resolution and speed. 7 Further, some attempts have been made to develop a new particle-size measurement method, a unique method that uses thermal fieldflow fractionation was theoretically proposed together with some simulation measurements. 8 Upon the application of these methods stated above to a plural-kind-particles sample, components-separation procedures are necessary to determine the particle size of each component. As stated above, the use of infrared light does not require any components-separation procedure to determine the particle sizes of each component. Some characteristics of infrared spectroscopy were reported for its applications to inorganic particles. 9, 10 Some characteristics of the ATR technique were studied concerning its applications to inorganic particles in multiple layers as a sample, and the influences of light scattering and the packing fraction of particles were evaluated concerning the ATR spectral intensities. 11, 12 The diffuse reflectance technique in the infrared region was reported to be applicable to particle-size determination. 13 The particle size of the alpha-component in Si3N4 powder could be determined in the size range of 1 to 60 μm by measuring the peak-intensity ratio between two peaks (500 and 690 cm −1 ) on the diffuse reflectance spectrum. 13 Further, near-infrared spectroscopy has recently been applied to the particle-size determination by using a simultaneous chemoinfometric calibration method, which showed its usefulness. 14, 15 No paper, however, was reported concerning attempts of the particle-size determination by using the ATR technique in the infrared region other than ours. In the present work, theoretical treatments of this particle-size-determination method by applying the ATR technique were stated, and based on these, the ATR-spectral intensities were calculated as functions of some variables, such as the sample amount on the reflection surface and the particle size for various choices of the experimental parameters. The ATR spectra of thinly deposited SiO2, SiC, and Al2O3 particles measuring several microns in diameter on the reflection surface were measured in some regions of the sample amount. The dependences of the spectral intensities on the sample amount and on the particle size were compared with the calculated results.
The degrees of agreements between the experimental and calculation results were discussed in order to theoretically and experimentally construct the particle-size-determination method based on the ATR technique proposed by us. The aggregation of particles on the reflection surface was discussed for more favorable experimental values as an important factor for success. Further, each component of the plural-kind-particles sample was compared concerning its spectral intensity with the corresponding single-kind-particles sample to estimate the applicability of this method to a plural-kind-particles sample.
Theoretical Treatments
The basic principle of this method by using the ATR technique to distinguish the particle size was reported before, 3 but is briefly stated again below. Let us suppose particles forming a mono layer on the reflection surface of an ATR prism on which an incidence beam is reflected. The evanescent wave decays exponentially from the reflection surface to the side of the deposited particles. The penetration depth of the evanescent wave, 2 for example, was calculated to be about 1.4 μm at 1090 cm −1 , where the absorption band of the SiO2 particles is observed. 16 The evanescent wave can cover small particles more thoroughly than large ones; that is, the small particles are exposed to stronger evanescent wave than the large ones. Bands in the ATR spectrum of the small particles should consequently be stronger than those of the large ones, when the small particles and the large ones are equal in the sample amount. Thus, the particle size is expected to be determined by measuring the band intensity of the ATR spectrum if the amount of particles on the reflection surface is known. Theoretical treatments of this method were performed, leading to the equations necessary for our calculations (below).
The electric field of the evanescent wave to which the particles are exposed on the reflection surface is evaluated from the equation of the evanescent wave, 17 based on the assumption that the particles are spherical. Let the z-axis be in the vertical direction to the reflection surface, and let the radius of the particles be r0 (Fig. 1) . The electric field of the evanescent wave is given as follows: 17
where k is the wavenumber; θ, the incidence angle; n21 = n2/n1 provided that n1 is the refractive index of the ATR prism and n2 is that of the particle-side space. Only the z-component (Ez) of the evanescent filed (E), which is necessary for our calculations, is taken out under E0 = 1:
where
The energy, P, which one particle accepts from the evanescent field, is represented as
where by reference to Fig. 1 ,
Thus, the equation of the energy P is detailed as follows:
By using the integration-by-parts method, P is calculated to be: 
P is the energy that one particle of the first layer accepts from the evanescent filed, and the energy for one particle of the Lth layer, PL, is similarly calculated on the assumption that the particles of the Lth layer are put just on tops of the particles of the (L − 1)th layer, as follows:
The energy Px, which the particles of the amount of x of the Lth layer accept from the evanescent filed, is calculated as
where D is the density of the particles. The energy Px is linear to the spectral intensity, and some dependences of the spectral intensities upon the sample amount on the reflection surface and upon the particle size can be calculated by using Eq. (9). 
Experimental
A triangular-solid KBr crystal and semi-cylindrical Ge one were used as ATR prisms. The reflection surface of a KBr prism (10 × 9 mm) was polished with a 12-μm-grain-size abrasive every measurement, and that of the Ge prism (12 × 10 mm) was just wiped with a methanol-containing paper every measurement. SiO2 particles with the average diameters of 0.81, 1.5, 3.0, and 5.2 μm were given by Suzuki Yushi Co., Ltd. SiC particles with average diameters of 3.0, 5.0, and 9.0 μm, and Al2O3 particles with average diameters of 0.3, 1.0, and 3.0 μm were given by Ujiden Chemical Industry Co., Ltd. and Baikowski Japan Co., Ltd. After particles were dispersed into chloroform or methanol, a small amount of the solution was dropped onto the reflection surface of the ATR prism, and the solvent was volatilized in air to prepare the sample particles on the reflection surface for measurements. Chloroform and methanol were used for the KBr and Ge prisms, respectively. The ATR spectra were recorded on a Fourier-transform infrared spectrometer (Shimadzu FTIR-4200) with a non-polarized infrared beam at a spectral resolution of 8 cm −1 and at an incidence angle of 70˚.
To obtain the sample-amount dependences of the spectral intensity, the sample amounts were changed by adding successively over the previously deposited particles on the reflection surface. SiO2 particles with diameters of 3.0 and 0.81 μm were used as models for the sample-amount dependence experiments.
Results and Discussion
Calculation of the intensity dependences on the sample amount and on the particle size From Eq. (9), the sample amount dependences of the energy, Px, which is linear to the spectral intensity were calculated for SiO2 with a density of 2.26 g/cm 3 and with diameters of 0.8, 1.5, 3.0, and 5.2 μm on a KBr prism with a refractive index of 1.56 and with a reflection surface of 10 × 9 mm. Let us suppose that the Lth layer particles are put on the tops of the (L − 1)th layer particles, and that the completion of (L − 1)th layer formation is followed by starting Lth layer formation. The sample amount, which is necessary to complete one layer formation, is more when the particles are larger: 0.085 mg for 0.8-μm particles, 0.16 mg for 1.5-μm ones, 0.32 mg for 3.0-μm ones, and 0.55 mg for 5.2-μm ones. The calculation results are shown in Fig. 2(a) . The intensities are normalized at 1.96 mg of the total sample amount of the 0.8 μm particles. In any case of the diameters, the intensity linearly increases until completion of the first layer formation, and still linearly increases with a lower slope than that for the first layer upon forming the second layer. Similarly, the intensity linearly increases upon forming the Lth layer with a lower slope than that upon forming the (L − 1)th layer. In the sample amount region of 0.2 to 0.6 mg, each dependence for 0.8 to 5.2-μm-diameter particles changes discontinuously. This leads to the fact that the size measurement is adequate either in the small-amount region of less than about 0.1 mg (about 1 layer of 0.8 μm particles), or in a large-amount region of larger than 0.6 mg (multiple layer region). The intensities are saturated above about 0.6 mg for all particle sizes because the layers exceed the evanescent filed area. On the assumption for layer formation stated above, size determination is possible in the large sample amount region, but the layer formation is not as simple as that on the assumption. The mono-layer region is more adequate for size determination. Some characteristics of the ATR method were studied concerning its applications to inorganic particles in multiple layers as a sample. 11, 12 In the case of multiple layers, the intensities of the ATR spectra depended not only on the particle size, but also on the packing fraction of the powders, 12 and hence it is difficult to determine the particle size, especially in the case of particles with a size distribution. The size dependence of the intensity is calculated from Eq. (9) with L = 1 and x = 0.011 mg for SiO2 particles, for the incidence angles of 40 and 70˚, and for prisms of KBr and Ge with refractive indices of 1.56 and 4.0, respectively (Fig. 2(b) ). The sample amount x of 0.011 mg corresponds to a mono layer of particles with 0.1 μm diameter. The intensities are normalized at 0.1 μm. The intensity simply decreases upon increasing the size. The larger is the incidence angle, the more does the dependence show a downward curvature in the small size region, because of a smaller penetration depth of the evanescent wave. Consequently, the use of a large incidence angle can give a higher accuracy to the measurements of small particles than that of a small incidence angle, and the use of a small incidence angle can give a higher accuracy to the measurements of large particles than that of a large incidence angle. The dependence shows a more downward curvature for a Ge prism than that for a KBr one in the small-size region. Consequently, the use of a Ge prism can give a higher accuracy to the measurements of small particles than that of a KBr one, and the use of a KBr one can give a higher accuracy to the measurements of large particles than that of a Ge one. These calculation results show that the prism and the incidence angle should be adequately selected according to the aims of the measurements. In the calculations mentioned above, the refractive index of the sample-side space is approximated to be the refractive index of air (1.0), but the actual refractive index of the sample-side space is changed to a larger value due to the existence of the sample particles. The calculations for particles in thick multiple layers should be corrected, but those for thinly deposited particles are expected to require little correction. Thus, in the region of the thin deposition of particles less than a mono layer, which is prepared for measurements of the particle size of a sample using this method, the existence of sample particles will not very much affect the obtained results.
Estimation of the influence of particle sedimentation in a flask
One of the ATR spectra of SiO2, Al2O3, and SiC particles, measured with a KBr prism, is shown in Fig. 3 . The spectral intensities at 1090, 600, and 850 cm −1 were used for their size measurements, respectively. The differences in the peak positions mean the possibility of a size determination of each component of the mixed particles. The particle solutions must be withdrawn from the flask, and be dropped out on the reflection surface of the prism before the sedimentation of particles in the flask occurred. The time, in which the particles sink, was investigated as follows: the spectral intensities were measured after some seconds, followed by supersonic vibration of chloroform solutions of SiC particles with 3.0 and 9.0 μm diameters. The measured spectral intensities were normalized at 5 s, as shown in Fig. 4 . In the cases of both diameters, particle sedimentation caused decreases of the spectral intensities upon standing; however, the intensities agreed within the experimental errors at between 5 and 10 s. From these results, the sample solutions were withdrawn from the flasks within 5 s after supersonic vibration, in which the sedimentation is expected to be less affected, in all experiments. In the case of a methanol solution, the sedimentation cased a smaller decrease in the spectral intensity (not shown). These results mean that the influence of sedimentation of the particles was small in our experiments.
Estimation of the features of the particles on the reflection surface
As stated in the experimental section, to obtain the sampleamount dependence of the spectral intensity, the spectra were measured upon every addition of the sample solution over the previously deposited particles on the reflection surface. This superimposed addition of the sample solution may influence the spectral intensity. This influence was studied by using the following method: SiO2 particles with 0.8 μm diameter were put on the reflection surface up to a fixed total amount by successive additions of the sample solution, whose concentration was decided so that the fixed total sample amount could be given by additions for 1, 3, 5, 10, and 15 times, and the spectral intensities were compared. The results for the total sample amounts of 0.016 mg (0.19 layer), 0.064 mg (0.75 layer), and 0.140 mg (1.64 layer) of the SiO2 particles with 0.8 μm diameter are shown by the diamond symbols in Fig. 5 . For large total amounts of 0.064 and 0.14 mg, one time addition only gave a smaller intensity than other plural times additions, and there were no differences in the intensities given by those of plural times. For a small total amount of 0.016 mg, there were no differences in the intensity in the addition number region of 1 to 15. This means that the superimposed addition of the sample solution over the previously deposited particles does not influence the spectral intensities very much in the large addition number region, but influences the intensities in the small addition number region for large total amounts of 0.064 and 0.14 mg. Aggregation is thought to be concerned with the intensity decreases observed at 1 of the addition number, because concentrated solutions were used for one-time addition. The aggregation is discussed again in detail below. For 0.016 mg of the total sample amount, the absorbances were almost equal, about 0.022 for all addition numbers. For 0.064 mg, the absorbances were almost equal, about 0.11 above 3, and 0.08 at 1 of the addition number. For 0.14 mg, the absorbances were almost equal, about 0.2 above 3, and 0.11 at 1 of the addition number. Above 3 of the addition number, the average absorbances of 0.022, 0.11, and 0.2 were almost linear against the total sample amounts of 0.016, 0.064, and 0.14 mg. This means that the particles were in the course of the formation of the first layer below almost 0.14 mg of the total sample amount. For 0.064 and 0.14 mg, the absorbances at 1 of the addition number were smaller than those above 3. This means that only one time addition of a concentrated solution piled up the particles on the reflection surface. The particles for a total sample amount of less than about 0.016 mg, for which the absorbances were equal in the region of 1 to 15 times, particularly formed a layer of less than 1 for all addition numbers. The features of the particles on the reflection surface should be studied with other techniques, such as a scanning electron microscope. The results shown by the open symbols are explained later.
Experimentally obtained intensity dependences on the sample amount and on the particle size and their comparisons with calculations
The experimental results of the sample-amount dependences of the spectral intensities are shown for SiO2 particles with diameters of 0.8 and 3.0 μm on a KBr prism in the mono layer region in Fig. 6(a) , and in the multiple layer region in Fig. 6(b) , together with the calculation results (lines). The calculation and experimental results are normalized by using the values of 0.8 μm particles at an amount of 0.11 mg in the region of the mono layer ( Fig. 6(a) ), and by using the values of 0.8 μm particles at 1.2 mg in the multiple-layer region (Fig. 6(b) ). In Fig. 6(a) , the spectral intensities increase linearly in accord with the calculations, and the intensities are in the order of the particle size at each sample amount, which is also in accord with the calculations. In Fig. 6(b) , the intensities are also in the order of the particle size at each sample amount in accord with the calculations, but in the smaller amount region, the experimental values were lower than the calculation results. These decreases are thought to be due to the aggregation discussed in Fig. 5 . The sample amounts shown in Fig. 6 (a) were sufficiently small for successive additions of the sample solutions not to affect the results of Fig. 6(a) at all. The sample amounts shown in Fig.  6(b) , however, are large compared to the total sample amounts used in Fig. 5 . This suggests that the absorbances should become larger in the small amount region in Fig. 6(b) , which results in a favorable change of becoming closer to the calculations. Thus, the experimental results were almost consistent with the calculations. The size dependences of the spectral intensities were studied for SiO2, SiC, and Al2O3 particles with some amounts with the use of KBr and Ge prisms (Fig. 7) . The values in units of the layer (L), shown in Fig. 7 together with the values of the sample amounts, correspond to the number of layers formed by the smallest particles of each sample used. All calculation and experimental results were normalized at the diameter of the smallest particles of each sample used, respectively. For SiO2, the intensities simply decreased for each sample amount. In the case of KBr prism, the dependence for the sample amount of 0.068 mg decreased linearly; on the other hand, that for the smaller sample amount of 0.026 mg was curved greater than that for 0.068 mg in accord with the calculation results. In the case of the Ge prism, the dependences curved more than those in the case of the KBr prism with the same tendency as those by the calculation. For SiC, the intensities simply decreased for each sample amount. In the case of the KBr prism, the dependences curved for both 0.36 and 0.090 mg, which were just in accord with the calculation results. In the case of the Ge prism, the dependences were almost linear, with differences from the calculations. For Al2O3 in the case of the KBr prism, the intensities simply decreased with differences from the calculations for both 0.028 and 0.011 mg. In the case of the Ge prism, the intensities were almost independent of the particle size. Thus, the experimental results concerning the size dependences were in more accord with the calculation results in the case of the KBr prism than those in the case of the Ge prism. The experimental results of the size dependences for the SiC particles were just in accord with the calculation results, even for a large sample amount of 0.36 mg, and those for the SiO2 particles were just in accord with the calculation results only for a small sample amount of 0.026 mg.
For a technique to obtain results closer to the calculations, further experiments were performed based on the results shown in Fig. 5 (diamonds) ; the results are shown by the open symbols in Fig. 5 . The open circle and triangle symbols in Fig. 5 show the ATR spectral intensities of SiO2 particles with 0.8 μm diameter, which were put on the reflection surface up to a fixed total amount by a one-time addition of the sample solution after and before four-times additions of only the solvent, respectively. The additions of the solvent contribute for the absorbance to become closer to the average of the absorbances obtained above 3 of the addition number for 0.064 mg of the total amount, but never for 0.14 mg. Thus, the solvent can spread out the particles on the refraction surface, and/or can change the surface to a favorable one for dispersion of the particles. In Fig. 7 , the smaller is the particle, the smaller are the experimental values relatively compared to the calculation results. The smaller is the particle, the larger is the number of the particles put on the reflection surface; therefore, the poorer is the dispersion expected. The solvent addition technique could change the particle-size dependences to favorable profiles, though the feature of the particles on the surface must be studied by other techniques in detail.
Affects of a mixture of several kinds of particles on the spectral intensity of each component
When some kinds of particles are mixed, the spectral intensity of each component of the mixture sample might deviate from that of the corresponding single-kind-particles sample due to some interactions between the components with each other. Each component of the mixed plural-kind-particles sample was compared in its spectral intensity with the corresponding singlekind-particles sample. The SiO2 and SiC particles with some amounts and some sizes, whose experimental results were close in their spectral intensities to the calculation ones as shown in Fig. 7 , were used for models. A mixed solution including some amounts of SiO2 and SiC particles with some sizes was dropped on KBr and Ge prisms. The spectral intensities of the SiO2 and SiC particles were each measured; the deviations from the intensities of the corresponding single-kind-particles sample are shown in percentage in Table 1 . The former and latter values in parentheses in Table 1 correspond to the deviations for SiC and SiO2, respectively. The deviations were almost within 15%, and almost negative, except for some combinations. These deviations are thought to be due to the existence of some interactions between SiO2 and SiC particles caused by the Fig. 7 Experimental results of the size dependences of the spectral intensities for SiO2, SiC, and Al2O3 particles with some amounts with using the KBr and Ge prisms. All calculation (solid lines) and experimental results were normalized at the diameter of the smallest particles of each sample used. The values in unit of the layer (L) shown in parentheses together with the values of the sample amounts correspond to the number of the layers formed by the smallest particles of each sample used. formation of aggregation. There is no problem when a measurement of the particle size is allowed in accuracy within 15%, but some technique should be developed for the formation of the mono layer for higher accuracy. Thus, the particle-size determination of each component of a mixture consisting of several kinds of particles would be possible within about 15% accuracy.
Conclusions
Theoretical equations for the particle-size determination method applying the ATR technique were obtained. Based on these equations, the ATR-spectral intensities were calculated as functions of the sample amount, and of the particle size for various choices of the experimental parameters. The sampleamount dependence calculations suggested that the mono layer region is more adequate for the size determination than the multiple-layers region.
The size-dependence calculations suggested that the prism and the incidence angle should be adequately selected according to the aims. The influence of the sedimentation of the particles was experimentally small. The superimposed additions on the previously deposited particles did not affect the spectral intensity very much in the large addition number region, but affected the intensities in the small addition number region in the cases of large total amounts. The affect of aggregation was small at a total sample amount of less than 0.14 mg of SiO2 particles, which corresponds to 1.6 layer. The experimental results of the sample amount dependences of the spectral intensities were almost consistent with the calculations. The size dependences showed the same tendency as those by the calculations for SiO2 and SiC; especially for SiC, those were just the same as those by calculations in the case of the KBr prism. For Al2O3, however, the experimental results showed no size dependence, and were different from the calculation results. Each component of the mixed two-kindparticles sample was compared in its spectral intensity with the corresponding single-kind-particles sample, and it was suggested that the particle-size determination of each component of a mixture consisting of SiO2 and SiC particles would be possible.
The particle-size determination method based on the ATR technique was theoretically supported, and its characteristics were reveled. Because this method does not require any separation procedure, it would be convenient for ceramics processing, pharmaceutical and cosmetics materials field, and the painting materials field. Because lots of mathematical treatments are necessary for completing this new method, our research might contribute to some promotion of the exchange between mathematics and analytical chemistry. This new particle-size determination method is expected to be an additional function of the ATR technique as an easy and cheap method.
